We investigated the microstructure and mechanical properties of the porous Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glassy specimens fabricated by a spark plasma sintering process starting from the low sintering temperature, short holding time and rapid cooling. No crystallization within powder particles as well as at the interfaces between powder particles was identified by scanning and transmission electron microscopic observations. The sintered porous bulk metallic glassy specimens exhibited larger plastic strain and lower Young's modulus than those of the ascast alloy specimen. The increase in the plastic strain can be related to the pores in the sintered porous bulk glassy samples which generate multiple shear deformation events.
Introduction
Porous metallic materials, most commonly made from aluminum alloys, exhibit high density-compensated strength and energy-absorption capacity, 1, 2) making them useful as ultralight structural materials 1, 2) and bone-replacement implants. 3) Bulk metallic glasses (BMGs) have excellent physical and chemical properties such as exceptionally high strength, large elastic strain, high wear resistance, and high corrosion resistance. 4, 5) They are being considered as promising candidates for the structural applications and biocompatible implants. 6 ) Thus a porous BMG may offer unique opportunities in engineering structures or biomedical implants.
Recently, porous BMGs have much attention because of their useful characteristics which cannot be obtained for pore-free BMGs. Pd-based porous BMGs have been successfully fabricated using water vapor released during decomposition of a hydrated B 2 O 3 flux, 7) or by quenching mixtures of the glass-forming melt and NaCl granules, followed by dissolution of the NaCl placeholder in water, 8) or by holding the alloy melts under pressurized hydrogen, followed by water quenching or by oil quenching. 9, 10) Brothers et al. reported the methods for foaming commercial Zr-based BMG alloys by infiltration of the melt between packed hollow carbon microspheres 11) or between packed crystals of BaF 2 salt which can then be leached out in acid solution. 12) Using these methods, however, a sufficiently high cooling rate is always required during casting in order to prevent the formation of the more thermodynamically stable crystalline phases, thus the dimensions of the metallic glasses are limited, and the shape is also rather simple.
Powder metallurgy process should be a good alternative to overcome the problem. Spark plasma sintering (SPS), as a newly developed rapid sintering technique, has a great potential for producing dense glassy specimens having a disordered structure or minimal grain growth for nanocrystalline materials in a short sintering time.
13) It is known that the SPS process is an electrical sintering technique which applies an ON-OFF DC pulse voltage. The pulse electric current directly flows through the powder material being sintered in the SPS process, and a very high heating efficiency is achieved. The application of pulsed DC voltage induces various phenomena caused by electrical and thermal effects, providing advantages which could not be obtained using conventional sintering processes. 13) These phenomena can be summarized as follows: [13] [14] [15] [16] [17] [18] [19] [20] (a) electrical breakdown of the surface oxide film and removal of contaminated layer on the particle surface by spark generation and sputtering effect; (b) destruction of the surface oxide film and neck formation between the powder particles; (c) focused current and Joule heat at the neck, and (d) enhanced migration of atom or ion by temperature difference between neck and particle core as well as by electrical field, and enhanced the neck growth. Therefore, the sintering can be carried out at a lower temperature and in a shorter time than that with conventional processes. Hence the SPS process can be applied to materials that require to suppress crystallization and grain growth. Furthermore, the SPS process is a type of compression sintering technique which is similar to hotpressing (HP) sintering process, so that the sintered specimens with the large-size and complicated shape can be easily achieved. 14) Using Zr 55 Cu 30 Al 10 Ni 5 glassy alloy powders prepared by an argon gas atomization method, we fabricated porous BMG specimens by the SPS process. The sinterability of the porous BMG specimens by the SPS process had been reported in a recently paper. 21) It is known that mechanical properties of porous BMGs are affected by the nature of the microstructure of the sintered specimens. Furthermore, the temperature at contact interfaces between powder particles should be higher than the average temperature of the sintered specimen due to the focused current and Joule heating at the bonded interface in the SPS process. Therefore, it is worthwhile to investigate the microstructure of porous Zr 55 Cu 30 Al 10 Ni 5 BMG specimens fabricated by the SPS process, in particular, the microstructure of the interface between powder particles. In the present paper, we report the microstructure and com-pressive mechanical properties of the porous Zr 55 Cu 30 -Al 10 Ni 5 BMG specimens with different porosities fabricated by the SPS process.
Experimental Procedures
Master ingots of the Zr 55 Cu 30 Al 10 Ni 5 alloy (composition is given in nominal atomic percentages) were prepared by arc melting a mixture of high purity Zr, Cu, Al and Ni in an argon atmosphere purified using Ti getter. The Zr 55 Cu 30 Al 10 Ni 5 glassy alloy powders were produced by a high pressure argon gas atomization method. The ingots were melted again under an evacuated state in a quartz tube using an induction heating coil, followed by injection through a nozzle with a diameter of 0.8 mm and then atomization by high pressure argon gas with a dynamic pressure of about 8.0 MPa.
Following atomization, size distribution of the gas-atomized powders was measured by a conventional sieving method, and the powders were classified. The glassy phase characteristics of the gas-atomized powders were identified by X-ray diffractometry (XRD) and differential scanning calorimetry (DSC) analyses. The glassy alloy powders with the size in the range of 37 mm < d < 53 mm (d is the diameter of the powder particles) were used in the present study.
The sintering of the powders was carried out in a vacuum using a SPS system (Model SPS-1050, Sumitomo Coal Mining Co. Ltd., Japan). The sintering temperatures used were 613 K and 623 K. The heating rate was 50 K/min (from room temperature to T S -30 K) and 5 K/min (from T S -30 K to T S ) (T S : sintering temperature). The holding time at the sintering temperatures was 10 min. A uniaxial pressuring method was conducted using top and bottom graphite punches. The loading pressures were 20-40 MPa in the present study. The details of heating, temperature measurement and control, and loading pressure control in the SPS process have been described in a previous paper.
22 ) The sintered specimens obtained were a cylindrical shape with a diameter of 10 mm and a height of about 5 mm.
The density of the sintered porous BMG specimens was determined by measuring their mass and dimension of the samples (mass per volume). The porosity was evaluated from the obtained density. The structures of the sintered porous BMG specimens were examined by XRD in reflection with a monochromatic Cu K radiation, and the microstructure was observed with a scanning electron microscopy (SEM). Microstructural analyses of the interface between the powder particles of the sintered porous BMG specimens were carried out using a transmission electron microscopy (TEM). Thin foil specimens were cut from the sintered porous BMG specimens using a diamond saw, then mechanically thinned followed by dimpling and argon ion milling to electron transparency. In the present study, a low-energy ion milling at about 2.0 keV was used to avoid ion-beam induced crystallization. TEM observations were performed at room temperature using a JEM-2010 electron microscope. The microscope was operated at 200 kV.
Mechanical properties under a compressive load at room temperature were measured using a conventional mechanical testing system (Instron 4201). The test specimens with a rectangular shape of 2.5 mm in width, 2.5 mm in thickness and 5.0 mm in height were used in the present study. The initial strain rate used was 5 Â 10 À4 s À1 . Figure 1 presents a SEM micrograph of the as-prepared Zr 55 Cu 30 Al 10 Ni 5 powder with a particle size in the range of 37 $ 53 mm. It is seen that the gas-atomized powders have the spherical morphology as well as relatively clean surface. An amorphous nature of the atomized powder was verified using XRD.
Results and Discussion

Microstructure
Using the as-prepared Zr 55 Cu 30 Al 10 Ni 5 powders, the sintering was performed by the SPS process. The density of the sintered specimens was measured. The porosity was evaluated from the obtained density. In the present study, we investigated three types of specimens with the porosities of 4.7%, 25.2%, and 33.5%, which were fabricated by the SPS process at the sintering temperature of 623 K and loading pressure of 30 MPa, 613 K and 40 MPa, and 613 K and 20 MPa, respectively. Figure 2 shows SEM images of the transverse cross section (mechanically crushed samples) of the sintered porous BMG specimens with porosities of 4.7% (Fig. 2(a) ), 25.2% (Fig. 2(b) ), and 33.5% (Fig. 2(c) ). The neck formation between Zr 55 Cu 30 Al 10 Ni 5 powder particles can be clearly observed, as indicated by arrows in Fig. 2 . No additional contrast due to a crystalline phase can be observed. The pores are homogeneously distributed in the whole sintered porous specimens. A typical pore morphology is shown in Fig. 3 . It is polyhedral in the dense sample (4.7% porosity) while two other samples demonstrate an irregular shape of the pores. At the low sintering temperature, the original morphology of the powder particles is maintained, and a number of pores exist in the sintered porous BMG specimens, which are observed in Figs. 2(b) and 2(c) . With increasing sintering temperature, the deformation of the powder particles takes place, as shown in Fig. 2(a) .
The interface between powder particles in the sintered porous BMG specimens was investigated by TEM. Figure 4 (a) shows a typical bright-field TEM image of the interface between the sintered particles. It was taken from the Fig. 4(a) . No appreciable contrast revealing the formation of a crystalline phase is observed at the interface between the powder particles as well as within the powder particles. Figure 4(b) is the selected-area diffraction (SAD) pattern corresponding to the interface between the powder particles. Figure 4 (c) shows a highresolution TEM micrograph taken from the bonded interface region. The bonded interface is uniformly amorphous, and no crystalline phases: either intermetallics or oxides are observed in Fig. 4(c) . The maze-like patterns corresponding to a glassy phase in Fig. 4 (c) and the halo rings in the SAD pattern in Fig. 4(b) indicate that crystallization does not takes place in the sintered porous BMG specimen. Figure 5 (a) shows the XRD pattern of the sintered porous BMG specimen with a porosity of 4.7%. The pattern consists only of a broad halo peak and no sharp peaks corresponding to crystalline phase are observed. It indicates that the sintered porous BMG specimen is composed of a glassy phase. The similar XRD patterns were also obtained for other sintered porous specimens with different porosities. Figure 5(b) shows the DSC curve of the sintered porous BMG specimen with a porosity of 4.7%, together with the curves of the asatomized powder and as-cast rod specimens. The feature of the DSC curve of the sintered porous BMG specimens is similar to that of the as-atomized powder as well as as-cast rod specimen, namely, an endothermic reaction due to the glass transition, followed by a large supercooled liquid region and two exothermic reactions due to crystallization events. The glass transition temperature (T g ), the onset temperature of the first-stage crystallization (T X ) corresponding to the primary exothermic peak, the crystallization enthalpy (ÁH) and the extent of the supercooled liquid region (ÁT ¼ T X À T g ) are almost same for the sintered porous BMG specimen and the as-atomized powder as well as as-cast rod specimen. The similar DSC curves were also obtained for other sintered porous specimens with different porosities. It indicates that the sintered porous BMG specimens retain the high thermal stability of the alloy.
It is well known that a pulse electrical current directly flows through the sintered powder materials in the SPS process. Thus the temperature at the contact interfaces between powder particles should be higher than the average temperature of the sintered specimen due to the focused current and Joule heating at the bonded interface between powder particles, which has been demonstrated in the investigations of Al-Mg alloy powders sintered by the SPS process. 16, 17) This process can enhance the neck formation between powder particles, and improve the properties of the sintered porous BMG specimens. On the contrary, if the temperature is too high, it will cause the crystallization of the glassy alloys, resulting in the degradation of the mechanical properties of the sintered porous BMG specimens. However, in the present study, no crystallization took place in the bonded interfaces between powder particles as well as within the powder particles as identified by TEM (Fig. 4) , SEM observations (Figs. 2 and 3 ) and XRD pattern, DSC curve analyses (Fig. 5) . The reason for that originates from the low sintering temperature and rapid cooling in the SPS process. In this study, the porous Zr 55 Cu 30 Al 10 Ni 5 BMG specimens were fabricated at the sintering temperature lower than 623 K, which is far below the crystallization temperature (T x ) as well as the glass transition temperature (T g ) of the Zr 55 Cu 30 -Al 10 Ni 5 glassy alloy. At a heating rate of 0.67 K s À1 these temperatures are 774 K and 685 K, respectively. 23) Tokita suggested that the application of the pulse voltage in the SPS process enhances thermal diffusion and enables rapid cooling between the current pulses during the SPS process.
14) The heat is transferred immediately and diffused to whole powder particle so that the interparticulate bonding interface is quickly cooled. This favors the sintering of glassy materials or metastable phase materials. Kawamura et al. 24) demonstrated that the crystallization was prevented because the cooling rate was higher than the critical cooling rate of the Zr 55 Cu 30 Al 10 Ni 5 glassy alloy prepared by spark welding. Furthermore, a short sintering time also helps to prevent the crystallization of the metallic glassy alloys in the SPS process compared to conventional hot pressing technique. The porous Zr 55 Cu 30 Al 10 Ni 5 BMG specimens were fabricated in a total period of only 22 min including the SPS heating-up and holding time in this study. Therefore, it is clear that the crystallization of the glassy alloys can be avoided in the SPS process due to the low sintering temperature, short holding time and rapid cooling during the SPS process. As a comparison experiment, the sintering of the as-cast Zr 55 Cu 30 -Al 10 Ni 5 rod specimen was also conducted using the same heating rate, sintering temperature, and holding time. No change in structure was obtained in the specimen. Figure 6 shows nominal compressive stress-strain curves of the sintered porous Zr 55 Cu 30 Al 10 Ni 5 BMG specimens, together with that of the as-cast rod sample. A distinct difference between the porous BMG samples and the as-cast rod sample can be seen. That is, the as-cast sample ruptures instantly after the elastic strain limit, while the porous BMG specimens show large plastic strain after the elastic strain. The 0.2% offset yield strength ( 0:2 ) and Young's modulus (E) are 1410 MPa and 81 GPa for the specimen with 4.7% porosity, 480 MPa and 23 GPa for that with 25.2% porosity, and 93 MPa and 16 GPa for that with 33.5% porosity, respectively, while those of the as-cast rod specimen are 1640 MPa and 94 GPa, respectively. Figure 7 shows the relationship between 0.2% offset yield strength and the porosity of the sintered porous BMG specimens. With an increase in the porosity, 0.2% offset yield strength of the sintered porous BMG specimen decreases. Figure 8 shows the porosity dependence of the Young's modulus of the sintered porous BMG specimens. It is seen that the Young's modulus of the sintered porous BMG specimen decreases with increasing porosity. Although the compressive strength of the sintered porous BMG specimens was lower than that of the as-cast rod specimen, one can note that plastic strain of the porous BMG samples is larger than that of the solid sample. The increase in the plastic strain originates from the existence of the pores in the glassy samples (Figs. 2 and 3 ). The cell walls with different cross sectional areas and various directions to the applied load axis suffer multiple stress conditions even under a uniaxial compressive applied load.
Compressive properties
10) The enhancement of the plastic strain results from the generation of multiple shear bands under the multi-axial stress condition as has been demonstrated in the cold-rolled bulk glassy alloy, for example. 25) It is also shown that when the porosity is about 20-40%, the Young's modulus of the sintered porous Zr 55 -Cu 30 Al 10 Ni 5 BMG specimens falls into a range of about 10-40 GPa, which is consistent with the Young's modulus of human bone. 26) The porosity of the sintered porous BMG specimens can be easily controlled by the sintering temperature or loading pressure during the SPS process. Thus it should be possible to prepare the specimens for biomedical implants. Such mechanical properties of the porous BMG specimens which are significantly different from those of the as-cast bulk glassy alloys indicate the possibility of future applications as new structural and functional materials as well as biomedical implants.
Conclusions
The microstructure and mechanical properties of the porous Zr 55 Cu 30 Al 10 Ni 5 BMG specimens fabricated by the SPS process were investigated. The results obtained are summarized as follows.
(1) No crystallization within the powder particles as well as in the interfaces between powder particles is identified by TEM and SEM observations. This originates from the low sintering temperature, short holding time and rapid cooling during the SPS process. (2) The sintered porous BMG specimens exhibit larger plastic strain, lower Young's modulus and lower fracture strength than those of the as-cast alloy specimen. The increase in the plastic strain is related to the existence of the pores in the sintered porous BMG alloys. These unique characteristics of the porous BMG alloys indicate the possibility of their future applications as new structural and functional materials.
